. Map showing the surface topography and major tectonic features of East Asia (modified from Wei et al. 2012) . The dashed pink lines show the major plate boundaries (Bird 2003) , and the grey thin lines denote the main tectonic units. The black triangles show the active intraplate volcanoes. The two red stars denote the 2008 Wenchuan earthquake (M 8.0) and the great 2011 Tohoku-oki earthquake (M w 9.0). QDB, Qaidam Basin; JGB, Jungger Basin; SLB, Songliao Basin; SCB, Sichuan Basin; CDDB, Chuandian Diamond Block.
Changbai and other intraplate volcanoes in and around NE China and Korean Peninsula is related to upwelling flows of hot and wet asthenospheric materials in the big mantle wedge (BMW) above the Pacific slab, which is currently stagnant in the mantle transition zone (410-670 km depth), hence these active intraplate volcanoes are not hotspots related to deep mantle plumes, but caused by the processes in the BMW (e.g. Zhao 2004; Zhao et al. 2004 Lei & Zhao 2005; Huang & Zhao 2006; Duan et al. 2009; Tian et al. 2011; Wei et al. 2012) . Recent studies of seismic anisotropy (e.g. Liu et al. 2008; Huang et al. 2011; L. Zhao et al. 2013) , waveform modelling (e.g. Tajima et al. 2009; Ye et al. 2011; , mineral physics (e.g. ), numerical simulations (e.g. Faccenna et al. 2010; Richard & Iwamori 2010; Kameyama & Nishioka 2012) , geochemistry and petrology (e.g. Chen et al. 2007; Zou et al. 2008; Kuritani et al. 2009 Kuritani et al. , 2011 Kuritani et al. , 2013 accord with this BMW model for explaining the active intraplate volcanism and tectonics in NE Asia.
Recent studies also suggest that the origin of the active Tengchong volcano in Southwest China (Fig. 1 ) is related to a hot upwelling in the BMW above the subducting Burma microplate (or the Indian Plate; Lei et al. 2009a; Zhao & Liu 2010; Wei et al. 2012) . In contrast, the active Hainan (or Qiangbei) volcano in southernmost China ( Fig. 1 ) seems to be a hotspot fed by a deep mantle plume, while the plume seems to be caused by the deep subduction of the Indian Plate in the west and deep subduction of the Philippine Sea Plate in the east (Zhao 2004; Huang & Zhao 2006; Lei et al. 2009b; Zhao & Liu 2010; Wang et al. 2012; Wei et al. 2012) . The Datong Quaternary volcano is located west of the tip of the stagnant Pacific slab (Figs 4 and 5) , and so it may not be caused by the BMW process but related to an upwelling flow from the upper part of lower mantle in front of the tip of the stagnant slab. The other intraplate volcanoes in Mainland China ( Fig. 1 ) are minor and less active (Liu 1999) , and their origins are still unclear.
It is generally considered that water plays a key role in many geochemical and geophysical processes of the Earth's interior (e.g. Zhao et al. 1996; Kayal et al. 2002; Mishra & Zhao 2003 , 2004 Ohtani et al. 2004; Xia et al. 2008; Kelbert et al. 2009; Karato 2011; Huang & Zhao 2013a; Liu et al. 2013; Wang & Zhao 2013; Wei & Zhao 2013) . In particular, melting behaviours are known to be affected significantly by the presence of water (e.g. Inoue et al. 2004; Ohtani et al. 2004; Huang et al. 2005a,b and references therein) . Studies of electrical conductivity suggest that the entire upper mantle or at least the asthenosphere under NE China contain fluids (e.g. Ichiki et al. 2006) . Studies of hydrogen diffusion (e.g. Hae et al. 2006 ) and electrical conductivity (Huang et al. 2005a,b) of Wadsleyite and ringwoodite show that the mantle transition zone might act as a water reservoir (Bercovici & Karato 2003) . These studies suggest that a large amount of water (or fluids) may exist in the upper mantle and mantle transition zone beneath NE Asia (Kelbert et al. 2009; Karato 2011) , and the fluids might be released to the BMW from the deep dehydration of the Pacific slab and/or brought down from the shallow portion of the mantle wedge under the island arc by the corner flow (e.g. Zhao 2004; Zhao et al. 2007 Kuritani et al. 2011 Kuritani et al. , 2013 , but the detailed processes of the fluid migration in the subducting slab and BMW remain unclear.
Active volcanoes are distributed almost continuously on the western Pacific island arcs, such as those on the Japan Islands (Fig. 3) . In contrast, the current active intraplate volcanoes appear at only a few isolated sites in East Asia (Fig. 1) . Interestingly, very deep earthquakes (500-650 km depths) in the subducting Pacific slab under East Asia only occur very close to the active Changbai and Ulleung volcanoes (Figs 2 and 3 ). Although this might be just a coincidence, we suggest that the origin of the Changbai and Ulleung intraplate volcanism may be closely related to the deep earthquakes in the subducting Pacific slab. In the following, we present pieces of geophysical, geochemical and petrologic evidence for this hypothesis.
S E I S M I C T O M O G R A P H Y
So far a great number of multiscale seismic tomography studies have been made to understand the structural heterogeneity and dynamics of the Earth's interior (see recent reviews by Zhao et al. 2011 . Global tomography studies have revealed a largescale mantle structure under Western Pacific and East Asia and found that the Pacific slab is stagnant in the mantle transition zone under NE Asia (e.g. Fukao et al. 2001; Zhao 2004; ; Fig. 4 ). High-resolution regional tomography down to ∼1000 km depth under East Asia revealed significant low-V zones at depths of 0-300 km under Changbai and other intraplate volcanoes in NE Asia, whereas in the lower portion of the mantle transition zone, a broad high-velocity (high-V) anomaly is visible under Korean Peninsula and NE China, which represents the stagnant Pacific slab (e.g. Huang & Zhao 2006; Wei et al. 2012 ). The regional tomography (Fig. 5 ) is well consistent with the global tomography under East Asia (Fig. 4) , but reveals many higher-resolution features of the stagnant Pacific slab and the BMW (Fig. 5) . The first local tomography of the crust and upper mantle under the Changbai volcano Lei & Zhao 2005 ) revealed a prominent low-V zone extending down to ∼400 km depth under the Changbai volcano and a high-V anomaly in the mantle transition zone. However, the first local tomography had a lower lateral resolution (∼200 km) because of a small data set used, which was recorded by only 22 seismic stations.
A high-resolution (∼50 km) local tomography down to 650 km depth under the Changbai volcano was obtained by using a large number of high-quality local and teleseismic data recorded by 645 seismic stations of the permanent local seismic networks and 19 portable seismic stations deployed in the Changbai area ). Fig. 6 shows map views of the obtained local tomography at three depths in the upper mantle. Fig. 7 shows five vertical crosssections of the local tomography passing through the Changbai volcano. A low-V anomaly of ∼100 km wide is clearly visible down to 300 km depth under the volcano, and the low-V zone extends towards the east in the depth range of 300-480 km (Figs 6b and 7) . Recent S-wave tomography also shows a prominent low-V anomaly Figure 5 . East-west vertical cross-section of P-wave regional tomography from the surface down to 1300 km depth along a profile shown on the inset map (Huang & Zhao 2006) . Red and blue colours denote slow and fast velocity perturbations (in per cent), respectively, from the 1-D iasp91 earth model. The velocity perturbation scale is shown below the cross-section. White dots denote earthquakes within 100-km width of the profile. The two dashed lines show the 410 and 670 km discontinuities. The red and black triangles show the active volcanoes. The reverse blue triangle shows the location of the Japan Trench. The surface topography along the profile is shown atop the tomographic image. The blue lines on the inset map denote the major plate boundaries.
in the crust and upper mantle down to ∼100 km depth under the Changbai volcano (e.g. Zheng et al. 2011; Li et al. 2012) . In the lower portion of the mantle transition zone, a continuous high-V anomaly is clearly visible, which represents the stagnant Pacific slab (Fig. 7) .
To confirm the main features of the local tomography under Changbai (Figs 6 and 7), we conducted a detailed resolution test. In this test the obtained tomographic images (Figs 6 and 7) were taken as the input model and the same inversion algorithm as that for the real data was adopted. The test results (Figs 8 and 9) show that the low-V anomaly under the Changbai volcano and the slab-like high-V anomaly in the mantle transition zone are well recovered, suggesting that the main features of the local tomography are robust. Wei et al. (2012) obtained an updated mantle tomography under East Asia using 1 401 797 P-wave arrivals of 17 180 local and regional earthquakes recorded by 2247 seismic stations (Fig. 10 ). These 2247 stations consist of the ISC (International Seismological Center) stations in East Asia, the China National Seismic Network stations, local seismic networks of every province in China and many portable seismic stations. The new tomography model of Wei et al. (2012) is very similar to that of Huang & Zhao (2006) , in particular, for the mantle structure under the active intraplate volcanoes in NE Asia. Fig. 11 shows the results of a synthetic test for the stagnant Pacific slab under East Asia, which demonstrate that all the slab features in the input model can be well reconstructed using the updated data set ) and the tomographic method . Here a question arises: assume that the Changbai volcano is a hotspot fed by a mantle ascending from the lower mantle, can such a plume be detected? The results of a synthetic test shown in Fig. 12 demonstrate clearly that such a lower-mantle plume can certainly be detected with the updated data set ) and our tomographic method ). However, all the global, regional and local tomographic images so far show that the active intraplate volcanoes in NE Asia are caused by hot and wet upwelling in the BMW above the stagnant Pacific slab, as mentioned above. A lower-mantle plume under Changbai or other intraplate volcanoes in NE Asia penetrating through the stagnant slab in the mantle transition zone (like that in Fig. 12 ) is not visible in any of the published local and regional tomographic models so far (e.g. Zhao et al. 2004 Lei & Zhao 2005; Huang & Zhao 2006; Wei et al. 2012) .
The local tomographic images are compared with the distribution of earthquakes (M ≥ 4.0) that occurred since 1964 in East Asia (Figs 6 and 7). We can see that deep earthquakes occurred within the subducting Pacific slab in the depth range of 400-650 km. The prominent low-V anomaly under Changbai extends down to 410 km depth and it spreads towards the east to the upper portion of the mantle transition zone above or close to swarms of deep earthquakes in the Pacific slab (Figs 6 and 7). Some of the deep earthquakes are greater than M 7.0 (Table 1) . A few very deep earthquakes also occurred close to the active Ulleung volcano under the Japan Sea (Figs 6c and 7e). Unfortunately, our local tomography model has a poor resolution beneath the Ulleung volcano ( Fig. 7e ) because there is no seismic station under the Japan Sea . Hence in the following we focus our discussion on the Changbai intraplate volcano.
V O L C A N I C S E I S M I C I T Y A N D D E E P E A RT H Q UA K E S
In an active volcanic area, characteristic volcanic earthquakes are often observed, and crustal seismicity associated with magmatic activity is often used to predict volcanic eruptions. Xu et al. (2012) show that volcanic seismicity under the Changbai volcano underwent a significantly active period during [2002] [2003] [2004] [2005] [2006] (Fig. 13) . The number of earthquakes was over 72 per month in the active period, which is far more than that in the less active periods (∼7 per month). The occurrence of harmonic tremors and the migration of swarm events from the deep crust to the shallow part may indicate that the microearthquakes beneath the summit of the Changbai volcano were caused by magmatic and hydrothermal activities due to pressurization of a magma chamber in the shallow crust . Note that harmonic tremors are continuous rhythmic microearthquakes that often precede or accompany volcanic eruptions.
We note that two large deep earthquakes occurred in recent years within the Pacific slab close to the Changbai volcano (Figs 13 and 14) . One event (M w 7.1) took place on 1999 April 8 with a focal depth of 575.4 km, while the other one (M w 7.3) happened on 2002 June 28 at 581.5 km depth (Table 1 ). The epicentres of the two events are located ∼316 km NE of the Changbai volcano. This distance is about a half of their focal depths (>575 km). Note that the second deep event occurred approximately at the beginning of the active period of volcanic seismicity under Changbai (Fig. 13a) . Although this may be just a coincidence, it may also indicate a close link of the shallow magmatic activity with the deep earthquake. It is possible that the magmatic activity in the crust under the volcano was triggered by the strong shakings induced by the large deep earthquake (M w 7.3), though other mechanisms of their interactions are also possible. A few other large deep earthquakes (>M 7.0) occurred in the same area, such as the M 7.2 event in 1977 and the M 7.6 event in 1994 (Table 1) , but the crustal microseismicity in Changbai at those times was unknown because there was no local seismic station then to monitor the microseismicity under the volcano. With the improvements in seismological instrumentation and analysis techniques, seismologists have identified some earthquakes whose radiated waves are incompatible with the double-couple component force systems, that is, including non-double-couple components (NDCC; e.g. Frohlich 1994 Frohlich , 2006 Julian et al. 1998; Miller et al. 1998) . The NDCC earthquakes exist more common among deep and intermediate-depth earthquakes, which all occur in the subducting slabs (e.g. Frohlich 1994 Frohlich , 2006 , though they also occur in a variety of shallow tectonic environments as well, including particularly volcanic and geothermal areas (e.g. Miller et al. 1998) .
The physical causes of the NDCC earthquakes are complex, and they may be related to more than one process (e.g. Julian et al. 1998) . The studies of NDCC earthquakes so far have provided important insights into many tectonic and dynamic phenomena, such as the volcanic, geothermal and faulting processes. Several physical mechanisms have been proposed to account for the NDCC earthquakes (e.g. Frohlich 1994 Frohlich , 2006 Julian et al. 1998; Templeton & Dreger 2006) , however, the details of these physical source processes are still not well understood. The NDCC earthquakes have mechanisms quite different from the simple shear faulting (i.e. the earthquakes with pure double-couple components), and they are characterized as a compensated linear vector dipole component, which may reflect either fluid involvement or complex shear failure, and/or an isotropic component that describes volume changes in the source region (Templeton & Dreger 2006) .
We examined the Harvard CMT (centroid moment tensor) solutions (Ekstrom et al. 2012 ) of 47 deep earthquakes (focal depths >300 km) that occurred in a period from 1964 to 2012 beneath NE Asia. The hypocentral parameters of these deep events are shown in Table 1 , and their focal-mechanism solutions are shown in Fig. 14 . The CMT solutions show that almost all the deep earthquakes have thrust-faulting mechanisms. investigated the stress regime of the subducting Pacific slab under the Japan Sea and NE Asia margin by examining the focal-mechanism solutions of deep earthquakes under the region. They found that the compressive stress axes of almost all deep earthquakes are parallel with the downdip direction of the Pacific slab (Fig. 15) , which indicate that the entire Pacific slab is under the compressive stress regime in the depth range of 200-600 km because the slab meets strong resistance at the 670-km discontinuity and so the slab becomes stagnant in the mantle transition zone. Recently, and water content of the Earth's interior (e.g. Kelbert et al. 2009; Karato 2011) . Ichiki et al. (2006) estimated the water content and geotherms of the upper mantle under NE China from the electrical conductivity and P-wave velocity under the region (Fig. 16) . They found that in the depth range of 250-400 km, neither the dry pyrolite nor dry harzburgite conditions provide consistent electrical and seismic geotherms, whereas the discrepancy can be explained by allowing for some water (500-1000 ppm H/Si) with the seismic geotherm. In the shallow mantle (<250 km depth), the electrical and seismic geotherms are consistent with each other within 1500-1700
• C under dry harzburgite conditions, but they are inconsistent by more than 100
• C under dry pyrolite conditions. Alternatively, a wet pyrolite condition applied to the deeper part of the upper mantle satisfies both the electrical conductivity and seismic velocity in the shallow mantle. These results suggest that the entire upper mantle, or at least the asthenosphere under NE China, contains significant amount of fluids (Ichiki et al. 2006; Kelbert et al. 2009; Karato 2011) .
This electrical conductivity result (Fig. 16 ) is well consistent with the tomographic images, which show the existence of a prominent low-V anomaly down to 410 km depth under the Changbai volcano (Fig. 7) . It is suggested that the wet upper mantle under NE China is caused by fluids from deep dehydration reactions of the stagnant Pacific slab that contains some hydrous minerals down to the transition-zone depths, and/or by the fluids brought down to the deeper parts from the shallow portion of the mantle wedge under the Japan arc (e.g. Ichiki et al. 2006; Kuritani et al. 2009 Kuritani et al. , 2011 Kuritani et al. , 2013 Zhao et al. , 2011 .
P E T RO L O G I C A N D G E O C H E M I C A L O B S E RVAT I O N S
In the past three decades, extensive geochemical and petrologic studies have been made to investigate the origin of intraplate volcanism in NE Asia (e.g. Zhou & Armstrong 1982; Peng et al. 1986; Basu et al. 1991; Zhang et al. 1991; Chen et al. 2003 Chen et al. , 2007 Choi et al. 2008; Hahm et al. 2008; Zou et al. 2008; Kuritani et al. 2009 Kuritani et al. , 2011 Kuritani et al. , 2013 ). Many of these studies suggested that the subducting Pacific slab and/or an older subducted slab played an important role in the intraplate magma genesis. For example, Kuritani et al. (2011) found a spatial correlation between the basalt geochemistry and the low-V anomaly in the underlying upper mantle revealed by (Fig. 7) , and showed that the basalts at the Changbai volcano have remarkably high Ba/Th and Pb/U ratios, reflecting the signatures of the mantle transition zone that has been metasomatized by the slab stagnation. By targeting the isotopic and relative abundance systematics of He and CO 2 , which transferred to the surface by geothermal activity, Hahm et al. (2008) show that the intraplate volcanism in NE China, as sampled at the Changbai volcano, displays a strong slab-derived influence. Studies of hydrogen diffusion (Hae et al. 2006 ) and electrical conductivity (Huang et al. 2005a ) of Wadsleyite and ringwoodite show that the mantle transition zone acts as a water reservoir beneath NE China and a large amount of water exists in the upper mantle and mantle transition zone under the region. Most of recent petrologic and geochemical studies also suggested that the fluids originated from the deep dehydration of hydrous minerals in the stagnant Pacific slab and/or an older subducted slab under NE Asia.
S Y N T H E S I S A N D D I S C U S S I O N
So far many lithospheric normal-faulting earthquakes have been observed that occurred frequently (perhaps repeatedly) at the outer rise right before an oceanic plate enters the trench axis (e.g. Kanamori and our tomographic method ). However, the fact is that such a lower-mantle plume under Changbai penetrating through the stagnant slab in the MTZ is not visible in any of the published local and regional tomographic models so far. See text for details.
1971; Hino et al. 2009; Obana et al. 2012) . Silver et al. (1995) suggested that active faults which were produced in the oceanic lithosphere may be preserved even after the subduction of the oceanic plate, and reactivation of the faults in the subducting slab can cause deep earthquakes. Wiens & Snider (2001) identified three groups of repeating deep earthquakes in the subducting Tonga slab, which were caused by the fault reactivation at great depth. Zhao et al. (2007) proposed that at least soon after the occurrence of a large normal-faulting earthquake at the outer-rise, sea water may enter down to deep part of the oceanic lithosphere, because the large earthquake faulting may cut the lithosphere down to a significant depth or even cut through the entire lithosphere (e.g. Kanamori 1971 Kanamori , 1986 Obana et al. 2012) . Many such normal faults should exist in the outer-rise area parallel with the trench axis. If large outerrise earthquakes take place repeatedly at every normal fault with an interval of tens to hundreds of years, then much sea water would enter to the oceanic lithosphere through the normal faults before the plate subduction. The sea water or fluids could be preserved in the active faults even after the subduction of the Pacific Plate, and every time when a large deep earthquake occurs, the rupture of the fault in the slab may release some water into the overlying mantle wedge .
We think that simply because water or fluids are involved in the faulting process in the subducting slab, many large deep earthquakes are found to contain the NDCC, as mentioned above (Fig. 14) . Barcheck et al. (2012) suggest that the presence of water may be a necessary condition for deep earthquakes in conjunction with other factors. When the water content in the mantle transition zone exceeds a critical value, upwelling flow might result in partial melting at ∼410 km depth (e.g. Bercovici & Karato 2003; Huang et al. 2005a,b) . The upwelling flow may further ascend through the asthenosphere and lithosphere, leading to an active intraplate volcano such as Changbai.
Integrating the above-mentioned geophysical, geochemical and petrologic observations, we present a cartoon shown in Fig. 17 on the main features of mantle structure and dynamics under East Asia. The western Pacific Plate has an age of ∼130 Myr near the Japan Trench and its subduction rate is 7-9 cm yr −1 . Near the Japan Trench, many normal-faulting earthquakes occur in the outer-rise portion because of the upward bending of the oceanic lithosphere before the plate subduction. Large outer-rise earthquakes are associated with deep normal faults in the oceanic lithosphere, such as the 1933 Sanrikuoki earthquake (M w 8.4; Kanamori 1971) and the 2011 March 11 Miyagi-oki earthquake (M w 7.5) soon after the M w 9.0 megathrust earthquake on the same day ( Fig. 3 ; Obana et al. 2012) . A large amount of sea water may enter into the deep portion of the Pacific Plate through those normal faults at least soon after every large outer-rise earthquakes . When the Pacific Plate subducts to a certain depth (e.g. 50 km under NE Japan), the stress regime in the upper portion of the slab is changed from extension to compression (Gamage et al. 2009 ) and so the normal faults are closed within the slab. Thus a large amount of water can be preserved within the slab and brought down to the mantle transition zone under NE China.
Strong coupling occurs between the subducting oceanic plate and the overlying continental plate down to a depth of ∼60 km in the interplate megathrust zone, and large and small thrust earthquakes occur actively in the megathrust zone beneath the forearc region, such as the great 2011 Tohoku-oki earthquake (e.g. Lay & Kanamori 2011; Huang & Zhao 2013a,b; Tian & Liu 2013) . Under the volcanic front and backarc region, corner flow in the mantle wedge and fluids supplied continuously from the slab dehydration produce arc magmas. Although it is found that the upwelling flow in the mantle wedge under the NE Japan arc has extended westwards under the eastern margin of the Japan Sea (e.g. Zhao et al. 2011) , it is still not clear whether the upwelling flow exists further westwards under the Japan Sea or not (Fig. 17) .
The focal-mechanism solutions of deep earthquakes show that compressive stress regime occurs in the subducting Pacific slab at depths of 200-600 km (Figs 14 and 15 ; ), because the slab meets strong resistance at the 670-km discontinuity due to the sudden increase in viscosity from the transition zone to the lower mantle (e.g. Fukao et al. 2001; Zhao 2004; . Hence the Pacific slab becomes stagnant in the lower part of the mantle transition zone beneath Korean Peninsula and East China, as revealed by many tomographic studies as mentioned above. A BMW has formed in the upper mantle and the upper part of the mantle transition zone above the subducting Pacific slab and the stagnant slab . Many mineral physics studies as mentioned above show that dehydration reactions may still occur in the Pacific slab in the transition zone, because the Pacific slab is very old and cold and so some hydrous phases in the slab keep stable down to the transition-zone depths (e.g. Zhao et al. 1997a; Ohtani et al. 2004; Kuritani et al. 2011 Kuritani et al. , 2013 . Fluids from the slab dehydration and corner flow in the BMW may cause upwelling of hot and wet asthenospheric materials, leading to the formation of intraplate volcanoes in NE Asia. More magmas may be supplied to the Changbai volcano because the generation of many large deep earthquakes may release additional fluids to the BMW from the preserved faults in the Pacific slab, which are revealed as low-V zones above or close to the deep earthquakes by our local tomography (Fig. 7) . As a result, the Changbai volcano has become much more active and prominent than the other intraplate volcanoes in NE Asia. Many very deep earthquakes (500-660 km depths) occur in the Tonga subduction zone, and prominent low-V anomalies are revealed in the deep part of the mantle wedge above the deep earthquakes in the Tonga slab beneath the Lau-back spreading centre (Zhao et al. 1997a; Conder & Wiens 2006) . Some of the deep earthquakes are found to occur repeatedly due to the reactivation of faults in the deep slab (Wiens & Snider 2001) , which may also release fluids preserved in the slab and so contribute to the formation of the low-V zone in the deep mantle wedge as well as the back-arc volcanoes in the Lau Basin (Simkin & Siebert 1994) . Significant low-V anomalies are also revealed in the deep mantle wedge (400-500 km depths) above the deep earthquakes in the Pacific slab under western Japan, and the low-V zones are found to ascend up to butt the subducting Philippine Sea slab above them (Abdelwahed & Zhao 2007; Zhao et al. 2012) .
It is considered that the subducting Pacific slab under NE Japan (Tohoku) is segmented by the subducted oceanic fracture zones which existed in the Pacific seafloor before the plate subduction (Umino et al. 1990; Zhao et al. 1997b) . Table 1 . The other labelling is the same as that in Fig. 6 . 29 within the subducting Pacific slab under central Tohoku where a dense seismic network has been installed since 1973. This earthquake had a hinge-fault type mechanism with the strike of its nodal planes consistent with the orientation of an oceanic fracture zone in the Pacific seafloor east of the Japan Trench (Umino et al. 1990 ). This indicates that the oceanic fracture zone has been preserved within the subducting Pacific slab and its reactivation caused the large intermediate-depth earthquake in 1985 under Tohoku (Zhao et al. 1997b ). Significant low-V zones are revealed in the mantle wedge above the subducting Pacific slab under the Tohoku arc and backarc Figure 16 . Two plausible models on the hot and wet big mantle wedge (BMW) beneath Northeast Asia estimated from electrical and seismic observations (after Ichiki et al. 2006) . partially contributed to the low-V zones in the mantle wedge under Tohoku, in addition to the (normal) slab dehydration and corner flow.
A similar intermediate-depth earthquake with a hinge-fault mechanism (M 7.7, focal depth 110 km) was observed on 1978 December 6 under the Kuril arc, which was caused by vertical offset of the subducting Pacific slab associated with the islandward extension of an oceanic fracture zone in the Pacific Ocean (Sudo & Sasatani 1979; Brustle & Muller 1987) .
These nice examples indicate that not only (some) deep earthquakes but also (some) intermediate-depth earthquakes were caused by the reactivation of faults preserved in the subducting slab.
The formation of an active intraplate volcano such as Changbai is a complicated process and may need some critical conditions in both the shallow and deep portions of the upper mantle. At the origin depth of the source magma, there must be more supply of magmas (and/or fluids) under the volcano than the surrounding mantle. At the shallow depths beneath the volcano, both the crust and the lithosphere must be thinner and/or there is a passage such as a deep active fault or a weak spot so that the magmas in the deeper portion can ascend to the surface to form the volcano. More detailed studies are needed to clarify the whole formation process of the active intraplate volcanoes, as well as the detailed structure and dynamics of the subducting slab and mechanism of deep earthquakes.
C O N C L U S I O N S
In this study we attempt to better understand the origin of active intraplate volcanism in NE Asia by integrating many pieces of evidence from the multidisciplinary studies so far, including seismic tomography, volcanic seismicity in the crust, distribution and focal mechanisms of deep earthquakes, electricity conductivity, petrology and geochemistry. Previous studies have shown that the active intraplate volcanism in the region is caused by hot and wet upwelling of asthenospheric materials in the BMW above the Pacific slab that is stagnant in the mantle transition zone under East Asia, and the asthenospheric upwelling is due to the corner flow in the BMW and fluids from deep dehydration of the Pacific slab. In this work we suggest that more fluids and magmas may be supplied to the upper mantle under Changbai than that beneath other volcanic and non-volcanic areas in NE Asia because large deep earthquakes occur frequently in the vicinity of the Changbai volcano. At least some of the large deep earthquakes are caused by the reactivation of the faults which were produced at the seafloor and preserved within the plate even after the plate subduction. Sea water that entered into the active normal faults soon after the large outer-rise earthquakes may be preserved within the subducting slab, and the fluids could be released to the overlying mantle wedge from the preserved faults in the slab when large deep earthquakes occur. As a result, the Changbai volcano has become much more active and prominent than other intraplate volcanoes in NE Asia because more magmas are produced from the fluids released from the slab by the nearby deep earthquakes. Further detailed studies are needed to better understand the origin of the active intraplate volcanism and the mechanism of deep earthquakes.
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